Predicting the presence of enteric viruses in surface waters is a complex modeling problem. Multiple water quality parameters that indicate the presence of human fecal material, the load of fecal material, and the amount of time fecal material has been in the environment are needed. This paper presents the results of a multiyear study of raw-water quality at the inlet of a potable-water plant that related 17 physical, chemical, and biological indices to the presence of enteric viruses as indicated by cytopathic changes in cell cultures. It was found that several simple, multivariate logistic regression models that could reliably identify observations of the presence or absence of total culturable virus could be fitted. The best models developed combined a fecal age indicator (the atypical coliform [AC]/total coliform [TC] ratio), the detectable presence of a humanassociated sterol (epicoprostanol) to indicate the fecal source, and one of several fecal load indicators (the levels of Giardia species cysts, coliform bacteria, and coprostanol). The best fit to the data was found when the AC/TC ratio, the presence of epicoprostanol, and the density of fecal coliform bacteria were input into a simple, multivariate logistic regression equation, resulting in 84.5% and 78.6% accuracies for the identification of the presence and absence of total culturable virus, respectively. The AC/TC ratio was the most influential input variable in all of the models generated, but producing the best prediction required additional input related to the fecal source and the fecal load. The potential for replacing microbial indicators of fecal load with levels of coprostanol was proposed and evaluated by multivariate logistic regression modeling for the presence and absence of virus.
As the population increases, the burden of human waste that is put into our water systems increases, as does the potential for the transmission of enteric viruses (EV) via the water route. Of particular interest in relation to surface water systems is the control of human enteric viruses that have the ability to pass through the processes commonly employed by water treatment plants, especially under conditions of upset or peak loadings. Enteric viruses are thought to be related to endemic disease, with sporadic, undetected outbreaks of infection. It has been estimated that, annually, 10% of the U.S. population is affected by waterborne illnesses (13) , and a good portion of the disease burden arises from outbreaks in which the etiological agent is not identified and may be enteric viruses. More than 100 species of viruses have been isolated from domestic sewage, and some of these have been related to waterborne outbreaks (8, 28) . While most enteric virus infections may be nonsymptomatic or result in mild illness, some of the illnesses caused can be more serious and include myocarditis, infectious hepatitis, paralysis, meningitis, and severe gastroenteritis.
Providing the level of potable-water treatment required for the total elimination of all potential pathogens for the entire population is not an economically realistic goal. Common water treatment processes, with the exception of disinfection, have been designed to remove primarily sediment and other physical and chemical contaminants. Increasing the number and types of disinfection processes employed in the treatment train can improve the overall degree of viral inactivation but can cause the formation of potentially carcinogenic compounds, increase energy usage, and place a burden on budgets for facilities that are in need of other repairs. Rather than adding treatment processes and running them continuously, it is thought to be more economical to understand the behavior of enteric viruses in the environment and implement watershed management practices to prevent water sources from becoming contaminated with unacceptable levels of enteric viruses.
Presently, there are no suitable models developed that can reliably predict the presence of viable enteric viruses in surface waters. Bacterial indicators have been used to set water quality standards and regulations for body contact (33) , but the relationship between bacterial indicators and the presence of enteric virus has not shown to be consistent, and waterborne outbreaks in locations where potable waters met bacteriological standards or were consistently free of indicator bacteria have been reported previously (4) . Common measurements of fecal bacteria cannot specify the amounts of human and animal pollution in surface waters and therefore cannot differentiate between high and low viral risk scenarios for raw waters (15, 29) . The use of alternate indicator microbes with survival characteristics similar to those of enteric viruses, such as somatic coliphages, F-specific bacteriophages, and Bacteroides fragilis bacteriophages, has been proposed previously (16, 19) , but the relationship between the presence and absence of coliphages and enteric viruses has not been consistent (29) . F-specific coliphages have shown promise as a tool for identifying sources of fecal pollution (23, 24) , but genotyping or serotyping with advanced techniques is required, and some researchers do not recommend coliphages as surrogate indicators for enteric viruses (9, 12) .
The presence of enteric viruses is the ideal indicator of human fecal materials (4) . Human enteric viruses enter surface and groundwaters through point and nonpoint sources. In water, viruses can become associated with solids suspended in the water column, and this association allows them to persist longer and deposit in sediments (4) , creates problems with viral recovery from environmental samples, and influences the fate and transport of viruses in watersheds. Enteric viruses in water are detected by cell culture, PCR amplification, or a combination thereof (20, 34) . These methodologies are expensive, time-consuming, and labor-intensive, and with regard to PCR, there are unresolved issues involving the potential pathogenicity of isolates (20) . Other indicators of human fecal material are needed.
The fecal sterols coprostanol and epicoprostanol have been proposed as indicators of human fecal pollution. Coprostanol may constitute ϳ60% of the total sterols in human feces and is the primary sterol present in human sewage (25) . The relationships among coprostanol, epicoprostanol, and other various sterols present in animal and human feces have been applied to the identification of fecal sources (21) , with the ratio between coprostanol and epicoprostanol used to detect the presence of human fecal materials (26, 40) . Unpublished research from our labs has documented epicoprostanol in a 1:100 ratio with coprostanol in raw human waste and septage.
Relying on only one or a few types of indicators for defining the fecal load or the predominant source of fecal contamination in surface waters provides an incomplete picture of the behavior of viruses in the environment. An effective model for the presence of enteric virus in surface waters requires a blend of indicators that provide information on the fecal load, the fecal source, and the amount of time aerobic processes have had to work on the fecal material, or the fecal age. The approach taken in this study uses a mixture of carefully selected indicators for fecal load, source, and age for modeling the presence of viable enteric virus in raw waters. This new paradigm for modeling the presence of pathogens provides a basis on which to build future watershed protection and management models.
The ratio of atypical coliforms (AC) to total coliforms (TC), a number calculated by dividing the concentrations of bacteria that produce atypical colonies on membrane filters supplied with total coliform broth by the concentrations of bacteria that produce typical TC colonies or AC colonies, is a crucial input parameter that accounts for fecal age and modifies information provided by load and source indicators. The term parameter refers to explanatory environmental variables which would relate to the dependent variable, here the presence of enteric virus, measured for incorporation into models. This is the first study designed to collect information on the AC/TC ratio relative to the presence of enteric virus. Freitas et al. (14) completed a preliminary study that showed the AC/TC ratio to be the most essential parameter for predicting the presence of viable enteric virus and supported the research design. The present study proposes that a select combination of indicators that represent the fecal load (levels of fecal coliforms, Escherichia coli bacteria, and coprostanol), fecal source (levels of male-specific coliphages and epicoprostanol), and fecal age (the AC/TC ratio), along with parameters (e.g., temperature) that are related to the stability of enteric virus in environmental waters, will be effective in modeling the presence of enteric virus in the Kentucky River. The findings relating enteric virus presence to the novel AC/TC ratio presented herein are derived from a database compiled in response to a completed EPA-funded study (R-82978401). The database is available through NCER at http://es.epa.gov/ncer/index.html, which is searchable by grant number.
The Kentucky River is a tributary of the Ohio River, 259 mi (417 km) long, whose watershed encompasses 7,000 mi 2 (18,000 km 2 ) and which flows south to north through central Kentucky in the United States (http://kywater.org/watch/ky .htm). The watershed lies above thick layers of easily dissolved limestone that form carbonate aquifers. The Kentucky River is used for recreational purposes (e.g., swimming and fishing) and is a source of potable water, providing more than 95% of the drinking-water supply to the 600,000 people living along its basin (39) . The river is divided along its entire length into 14 locks, which create a series of pools that act as individual shallow lakes, allowing the resuspension of deposited sediments during periods of high flow. Central Kentucky receives Ͼ100 cm of precipitation annually, often in intense storms. Samples from the Kentucky River were collected at the inlet of a potable-water treatment plant (Frankfort Plant and Water Board) located between lock no. 5 and lock no. 4. A major tributary into this pool comes from the Glenn's Creek watershed (16 mi 2 , or 21,615 acres), which empties very near the intake. Glenn's Creek watershed land usage is classified as 85% agricultural, 5% wooded and rural, and about 10% residential, commercial, or industrial (http://kywater.org/watch/ky .htm). Three businesses or organizations hold permits to release discharges into the major creeks of the Glenn's Creek watershed, Camden Creek and Buck Run. One of these businesses is a sewage treatment plant for the city of Versailles. Fecal contamination from both animal and human sources in the river pool at a point prior to the inlet has been documented previously (http://kywater.org/watch/ky.htm), and sewage discharges from the cities of Wilmore, Lexington, Lawrenceburg, and Nicholasville enter the river from tributaries above the inlet. The raw-water quality at the inlet is quite volatile and fluctuates with storm events along the entire length of the river, making water quality modeling a complex problem.
MATERIALS AND METHODS
Surface water samples and processing. Surface water samples from the Kentucky River were collected at the inlet of a drinking-water treatment facility, Frankfort Plant and Water Board, from June 2003 to March 2005. Physical, chemical, and biological raw-water quality parameters were analyzed and recorded for each sample. The physical parameters considered were turbidity, temperature, the amount of rainfall, and flow. The alkalinity, pH, and hardness, along with the levels of the fecal sterols coprostanol and epicoprostanol, were the chemical parameters measured. The biological parameters measured were the levels of AC, fecal coliforms, TC, E. coli bacteria, enterococci, Giardia species cysts, Cryptosporidium species oocysts, EV, somatic coliphages, male-specific coliphages, Clostridium perfringens spores, and male-specific salmonella phages. (34) . Briefly, at least 200 liters of river water was passed through positively charged VIRADEL 1MDS filters at the sampling site. An eluent comprising beef extract (GIBCO) at pH 9.5 was used to elute the filter. The eluate pH was reduced to 3.5, and the eluate was allowed to flocculate for 3 h. The floc was pelleted by centrifugation at 4,000 ϫ g for 20 min. The supernatant was discarded, and the pellet was resuspended in a solution of sodium hydrogen phosphate (pH 9.5). The resuspended pellet solution was stirred gently for 10 min and then recentrifuged at 4,000 ϫ g for 20 min, after which the pellet was discarded while the supernatant solution was retained. The pH of the supernatant was adjusted to 7.0 to 7.4 by using dilute hydrochloric acid and sodium hydroxide, after which the supernatant was subjected to sterile filtration through a series of beef extract-pretreated 0.8-, 0.4-, and 0.22-m-poresize sterile syringe filters. The final concentrate volume (ϳ30 ml) of the sample was noted, and the inoculum volume of the sample was calculated using the EPA formula. The inoculum sample was apportioned for cell culture, with the remainder archived at Ϫ80°C. BGMK cells grown on the flat side of 25-cm 2 sterile plastic flasks for 3 to 5 days until a cell monolayer formed were used for the detection of the presence of enteric virus by cytopathological effects (10) . Ten flasks were inoculated with the precalculated volume of the sample inoculum. The flasks were laid flat, with intermittent rocking, for 120 to 150 min before overlay medium (50% minimal essential medium with Hanks salts and L-glutamine [GIBCO], 50% Leibovitz L-15 medium with L-glutamine [GIBCO], 10% fetal bovine serum, and 10.8 mM NaHCO 3 ) was added. These flasks were then placed into an incubator set at 36.5°C. For the next 14 days, the flasks were checked for cytopathic effects and/or the disappearance of the cell monolayer. Cytopathic effects indicated the presence of enteric virus. Readings for all flasks were confirmed by a second passage and, when required by conflicting results, a third passage. MPN estimates of viral concentration were calculated, and the detection limit was 2.1/100 liters.
Bacterial, protozoan, and coliphage analyses. Total, atypical, and fecal coliforms were detected by membrane filtration of appropriate dilutions of samples per standard methods (1) . E. coli bacteria and enterococci in 100-ml samples were detected by Colilert and Enterolert Quanti-Tray/2000 (IDEXX Laboratories Inc., Westbrook, ME) methods, respectively. Cryptosporidium oocysts and Giardia cysts in 10-liter samples were detected using EPA method 1623 for filtration, immunomagnetic separation, and fluorescent-antibody microscopy (38) . Somatic coliphages (X-174 was used as a control) and male-specific coliphages (MS2 was used as a control) were detected by the EPA single-agarlayer coliphage method 1602 (37) , with at least 200 ml of water assayed for male-specific coliphages.
Fecal sterols. Black and Brion (L. E. Black and G. M. Brion, presented at the 13th IWA Conference on Health-Related Water Microbiology, Swansea, United Kingdom, September 2005) described a quantitative methodology for analyzing fecal sterols by gas chromatography-mass spectrometry (GC-MS) after concentration and extraction from 3-liter samples by solid-phase techniques (2). A J. T. Baker BAKERBOND Speedisk extraction manifold equipped with a BAKERBOND Speedisk C 18 disk (50 mm in diameter; Mallinckrodt Baker, Inc., Phillipsburg, NJ) was assembled. The Speedisks were sequentially preconditioned with 30 ml of dichloromethane (CH 2 Cl 2 ; Chemical Abstract Service [CAS] no. 75-09-2; SigmaAldrich, St. Louis, MO), 30 ml of acetone (CH 3 COCH 3 ; CAS no. 67-64-1; SigmaAldrich, St. Louis, MO), two 30-ml aliquots of acetonitrile (CH 3 CN; CAS no. 75-05-8; Sigma-Aldrich, St. Louis, MO), and two 30-ml aliquots of water (Optima grade; Sigma-Aldrich, St. Louis, MO) without drying. The 3-liter environmental samples were then vacuum filtered, followed by a wash with 30 ml of H 2 O-CH 3 CN (80:20, vol/vol) solution. The laden sample disks were allowed to dry under a vacuum, and then sterols were eluted with 10 ml of CH 3 COCH 3 and 20 ml of CH 2 Cl 2 . A glass funnel was plugged with glass wool (Ohio Valley Specialty Chemical, Marietta, OH) and filled with anhydrous sodium sulfate (Mallinckrodt Baker, Inc., Phillipsburg, NJ). The eluate was funneled through the sodium sulfate to remove any residual water into an evaporation container (Labconco Rapid Vap, Kansas City, MO) and condensed under nitrogen at 35°C to ϳ1 ml. The condensed eluate was transferred to an 8-ml glass analysis vial (Kimble, Vineland, NJ) and dried under a gentle nitrogen stream. The eluate residue was reconstituted with pyridine-BSTFA [bis(trimethylsilyl)trifluoroacetamide; 1:1, vol/vol] solution for derivatization, and an internal standard, chrysene-d 12 , was added for quantification by GC-MS analysis. Analysis by GC-MS was completed on a Varian CP-3800 gas chromatograph equipped with a Varian Saturn 2200 quadrupole ion trap mass spectrometer.
Statistical analysis. A database of parameter readings from 108 sampling events was assembled. Of these, only the 100 readings that included information on all 18 parameters were used for modeling and descriptive statistics. Data recorded as being above an upper detection limit were assigned the value of the detection limit for the purposes of calculating averages, producing transformations of data, and modeling. Data below the detection limits were assigned a value that would provide separation from measurements close to the detection limits. Bacterial parameters (e.g., levels of AC, TC, fecal coliforms, E. coli bacteria, and enterococci) and the bacteriophage parameter (the level of somatic coliphages) were logarithmically transformed to calculate geometric means and to create a more normal distribution for modeling as per standard convention, with the few readings that were below the detection limit assigned an initial value of 0.05 organisms per 100 ml before transformation. Measurements of epicoprostanol, Cryptosporidium oocyst, EV, and male-specific coliphage levels were dichotomized as 0 for nondetection when measurements were below detection limits and 1 when measured levels were above detection limits due to the large number of nondetection observations, the frequency of measurements at or near the lower detection limits when detectable levels were present, and an understanding of the expected rates of recovery by the methods employed. Measurements of coprostanol and Giardia cyst levels were first assigned values of 0.33 pg/ml and 1 cyst/10 liters, respectively, if measurements were below the detection limits for these parameters; then these assigned values were divided by the maximum value observed for the respective parameter to obtain signals that optimized model fitting based on past experience. The remaining parameters (turbidity, temperature, pH, alkalinity, and hardness) were not transformed as either the variances in measurements were not large or the values were found to be normally distributed.
SigmaStat version 2.03 was used to perform the multivariate logistic regressions, Mann-Whitney rank sum tests, and Pearson correlations. For comparisons between two dichotomous variables (e.g., the levels of EV and epicoprostanol), the chi-squared coefficient corrected for continuity as per Yates was used to evaluate relatedness and the level of significance. For the first model, parameters that showed significant correlation with the presence of enteric virus at a level of significance of P of Ͻ0.05 (turbidity, temperature, alkalinity, coprostanol and epicoprostanol concentrations, the AC/TC ratio, and levels of E. coli and Giardia organisms) were used to fit a multivariate logistic regression model. Then the selection and substitution of input parameters according to the proposed age, load, and source paradigm were performed, and parameters were evaluated in subsequent models. Table  1 . For variables that were not logarithmically transformed for modeling, an arithmetic mean and a corresponding standard deviation were calculated and recorded, along with the maximum and minimum values. For variables that were logarithmically transformed for modeling, a geometric mean and its corresponding geometric standard deviation were calculated and recorded, along with the maximum and minimum values. For the dichotomized variables, the minimum and maximum values were recorded along with the number of times that the indicators were detected in the river samples.
RESULTS
The average alkalinity and hardness values and pHs reflect the degree of limestone saturation in the river system from the surrounding karst under normal conditions. The pH of the river was unaffected, even when substantial amounts of runoff generated by rainfall dropped the alkalinity to low levels (16 mg/liter as CaCO 3 ), due to the buffering capacity present. However, the wide range in turbidity (4.2 to 662.0 nephelometric turbidity units) shows that raw-water quality was significantly affected by rainfall events, with the river picking up increased particle loads from runoff, a condition that was VOL. 73, 2007 MODELING THE PRESENCE OF VIRUSES IN WATER 3967 sometimes exacerbated by sediment resuspension from the series of pools created by the river's lock and dam system. On the days of greatest turbidity, the river looked like flowing milk chocolate. The river's temperature mimics the seasonality of the region, with extreme temperature changes between the warm summer months (27.2°C) and cold winter months (4.3°C). Temperature, of course, impacts microbial growth and survival, with colder temperatures inhibiting growth and prolonging pathogen survival. EV was detected in only 58 of the 100 samples and was present in low densities. Only 19 of the 58 virus-positive samples had MPNs of Ն10/100 liter. The maximum MPN recorded for EV was 71/100 liter, on 1 July 2003, when the recorded temperature of the river was 22.1°C. Sixteen of the 19 days on which EV levels were above an MPN of 10/100 liters occurred between May and October, times when the river was used for recreational purposes and the temperature averaged 21.6°C and ranged from 16.0 to 27.2°C.
Microbial indicators of fecal contamination were present, with concentrations of enterococci consistently higher than the recommended recreational-contact standard of 33 CFU/100 ml, as reflected in the geometric mean of 53 CFU/100 ml. Of the samples, 26% had concentrations higher than the single maximum allowable enterococcus density for infrequent fullbody-contact recreation as recommended by the EPA (151 CFU/100 ml). The E. coli concentrations in 18% of the samples were greater than the recommended 576-CFU/100-ml single maximum allowable E. coli density for infrequent full-bodycontact recreation as recommended by the EPA, even though the geometric mean was lower than the recommended 126 CFU/100 ml, at 76 CFU/100 ml. During storm events, the levels of E. coli and enterococci rose to Ͼ2,400 CFU/100 ml three and seven times, respectively.
The microbial data from the river can be used to indicate the relative amounts of agricultural and human sewage entering the river and provide an indication of the age of these fecal materials. The mean AC/TC ratio (20.7) was indicative of contamination from aged agricultural and suburban runoff when compared to runoff values from other studies in the area (3, 7, 31) . The high AC/TC ratio showed the predominance of indigenous, nutrient-linked bacteria over those introduced from fecal sources. The lowest AC/TC ratio (1.5) was suggestive of the presence of fresh human sewage, which may be input from combined storm effluents and bypassed flows released from upstream wastewater treatment plants. Male-specific coliphages were present 74% of the time and generally in low densities; 44 of the 74 readings detected Ͼ2 PFU/100 ml even though 200 ml of the sample was assayed. The indicators more specific for human waste, epicoprostanol and EV, were present only approximately 50% of the time, suggesting that the river was predominantly impacted by older agricultural runoff mixed with human input. Based on this information and the observed E. coli and enterococcus levels, recreational use of the river involving full-body contact should be avoided, especially in the summer months. Parameter correlation. The Pearson correlation coefficients and chi-squared values with their respective levels of significance for correlations between EV and the other measured parameters are listed in Table 2 . The parameters of turbidity, temperature, alkalinity, coprostanol and epicoprostanol concentration, AC/TC ratio, and E. coli and Giardia level were significantly correlated with the presence of EV. Among the significantly correlated variables, the fecal age-related variables of AC/TC ratio and temperature were closely correlated (P Ͻ 0.001) with the presence of EV and with each other. Larger amounts of EV, due to the presence of raw human sewage, correlated with a low AC/TC ratio (Ͻ1), resulting in the expected negative correlation. An indirect indicator of fecal age, turbidity, was also strongly negatively correlated with the presence of EV but was not correlated with the AC/TC ratio. Least strongly correlated with the presence of EV were the level of male-specific coliphages and the pH (P, 0.846 and 0.709, respectively). Although the presence of malespecific coliphages has been suggested by others as a good source indicator for human fecal materials and enteric viruses, an alternative fecal source indicator, the presence of epicoprostanol, had a more statistically significant chisquared relationship (P ϭ 0.003) with the presence of EV than the presence of male-specific coliphages in this watershed. Other parameters that were more directly related to fecal materials and could be used as indicators of the fecal load (levels of Giardia cysts, E. coli bacteria, and coprostanol) were significantly correlated with the presence of EV. These initial correlations provided a starting point for selecting input parameters for modeling.
Multivariate logistic regression. Initially, to assist in selecting input parameters for inclusion in and exclusion from models for the prediction of the presence of EV, all parameters with correlation coefficients or chi-squared statistics with P of Ͻ0.05 were use as input variables in the model (model 1) (Table 3 ). This selection method reduced the potential input variables from 17 to 8, and the results are tabulated in Table 3 . Although the correlation coefficients were helpful, in order to optimize the modeling approach, smaller models based upon input parameters selected from the initial eight were evaluated in an attempt to determine an optimum combination of three input parameters reflecting the load, source, and age that could be easily measured by the local water utility. Not all of the models that were created and evaluated are presented in Table 3 , only those that provided good fits to the data as indicated by a prediction of virus presence equivalent to or better than that given by model 1.
Of the highly correlated input parameters, model 1 found turbidity, alkalinity, coprostanol and epicoprostanol concentrations, and the level of E. coli bacteria to be minimally significant, as the small coefficients and high P values indicate. The AC/TC ratio, temperature, and the concentration of Giardia cysts were the most significant (P Ͻ 0.1) input variables in model 1. Subsequent models 2 to 5 were created by a process that did not rely solely on the calculated value of parameter significance but used a paradigm of selecting input parameters to indicate conditions relative to the fecal age (the AC/TC ratio), fecal source (the epicoprostanol concentration), and fecal load (the levels of Giardia cysts, E. coli bacteria, fecal coliforms, and coprostanol) based on expert judgment and an analysis of data quality.
Four three-input-parameter models were created, and their performances in predicting the positive and negative EV readings on which the models were fit were evaluated. These models were created by fixing age and source indicators as the AC/TC ratio and the presence of epicoprostanol and then varying the load input parameter. The model that predicted the most positive readings was model 4, in which the AC/TC ratio was combined with the presence or absence of epicoprostanol and the density of fecal coliforms. A total of 49 (84.5%) of 58 positive readings were correctly identified by model 4, with 33 (78.6%) of 42 negative readings correctly identified. Models 2, 3, and 5 used different fecal load indicators (the concentrations of Giardia cysts, E. coli bacteria, and coprostanol, respectively), parameters that were more significantly related to the presence of EV than the density of fecal coliforms according to a simple correlation analysis (Table 2 ). However, these models did not perform as well as model 4, which used the load signal of fecal coliforms. The enhanced performance of model 4 in comparison to those of the other models is thought to be due to the quality and completeness of the fecal coliform data, as every sampling event produced a recordable observation within both upper and lower detection limits. Coprostanol data were truncated at the lower end of the detection range (Ͻ3.3 ng/liter), and coprostanol was not detected at all in 29 samples. Measurements of E. coli concentrations were truncated at the upper end of the range. All three-parameter models performed similarly in their ability to predict the absence of EV, with the exception of model 5. In model 5, the coefficient value fit to the dichotomous variable of the epicoprostanol level was lower than the coefficient values assigned to variables in models 1 to 4, and this may account for 
DISCUSSION
The combination of fecal load, source, and age parameters used in model 4 effectively captured the relationship between enteric virus presence and water quality in this river system, with the AC/TC ratio driving model performance. Model 4, which used the AC/TC ratio, the level of epicoprostanol, and the fecal coliform concentration as input variables, obtained the most correct identifications of positive (85.4%) and negative (78.6%) readings. The model was simple and is an approach that could be implemented by the local water utility. Although models 1 and 2 had performances similar to that of model 4, with only slightly fewer positive readings predicted accurately, these models would not be readily implemented by the water utility. Model 1 is overly complex, and model 2 relied upon measuring concentrations of a difficult-to-assay pathogenic protozoan to indicate the fecal load. The replacement of the level of E. coli bacteria with the fecal coliform concentration as an input parameter to indicate the fecal load worked because these two indicators are closely correlated (P Ͻ 0.001), as would be expected. The correlation between the presence of fecal coliforms and that of EV (P ϭ 0.064) was nearly at the P level of Ͻ0.05 used to initially select model input parameters. What is clear from all of the models created is that the underlying paradigm of selecting indicators associated with the fecal age, load, and source is appropriate and that the AC/TC ratio is the key to success for this watershed. The multiparameter paradigm developed in this study avoided the problems associated with "silver-bullet" approaches that rely on single indicators of only the source or the load and added information on fecal age related to pathogen survival.
The importance of including an indicator of fecal age (the AC/TC ratio) for modeling virus presence was highlighted by the results presented above. This finding is not unexpected. In other studies, the AC/TC ratio has been able to distinguish between raw human sewage (0 to 5), flowing agricultural runoff (10), flowing urban runoff (20) , and aged urban runoff (Ͼ100) with statistical significance, and the ratio consistently rises as fecal material is aged under aerobic conditions in the environment (6, 7, 31) . It has been suggested previously that the AC/TC ratio could serve as a watershed quality standard for the Kentucky River, with values greater than 20 associated with high fecal coliform levels and enhanced pathogen risk (31) . Simply sorting the database used for modeling by ascending AC/TC ratios highlights the utility of this novel indicator. If the AC/TC ratio was measured at less than 15, which is lower than the average value of 20.7 for the river and therefore indicative of the presence of fresher-than-usual fecal material, the frequency of EV detection increased. Of the 51 samples in which the AC/TC ratio was less than 15, 74% were positive for enteric viruses. This statistic represents 43 of the total of 58 EVpositive readings recorded. The relationship between the presence of enteric viruses and the AC/TC ratio is easily seen in Fig. 1 , in which increasing ratios are associated with the ab- a Values in bold are statistically significant at a 0.05 probability level. b The percentages of correct positive predictions were calculated by dividing the numbers of correct positive predictions by the total number of actual positive readings (58).
c The percentages of correct negative predictions were calculated by dividing the numbers of correct negative predictions by the total number of actual negative readings (42).
d y ϭ 1/{1 ϩ exp͓Ϫlogit(P)͔}. TURB, turbidity; TEMP, temperature; ALK, alkalinity; COP, coprostanol concentration; EPI, epicoprostanol concentration; AC/TC, AC/TC ratio; ECOLI, level of E. coli bacteria; GIA, level of Giardia cysts.
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sence of EV. There were 14 times when the AC/TC ratio was below 5, a condition indicative of agricultural wastes being diluted with generous amounts of human sewage, and in all but one of these cases, enteric viruses were detected in the raw water. What is very clear is that decreased AC/TC ratios, those below the average of 20, were associated with the increased presence of EV. The predictive ability of all models relied upon the ability of the AC/TC ratio to represent fecal age as well as to provide some insights about the fecal source. Further logistic modeling efforts (data not shown) using only the AC/TC ratio to predict the presence of EV had a 77.6% success rate. This represents only one less positive reading than the number predicted by model 1. The prediction of the absence of EV suffered (64.3%) when only the AC/TC ratio was used. Clearly, other input parameters in combination with the AC/TC ratio are needed to reliably predict the presence and absence of enteric viruses in water, input parameters that can give more information on the fecal load and source. These models may be improved by the addition of indices that can provide information on degrees of change and the potential for pathogen survival in the watershed. Temperature was significantly correlated with the presence of EV (P Ͻ 0.001), as expected. Low temperatures during the winter months may enhance viral survival and suppress aerobic microbial degradation. Higher temperatures were associated with summer days when the MPN of EV present was Ͼ10/100 liters. These seasonal effects are incorporated into the AC/TC ratio, which is a measure of the ratio of indigenous bacterial activity to that of fecally associated bacteria introduced into the watershed. This incorporation of seasonal variations was reflected in the significant correlation between the temperature and the AC/TC ratio (P Ͻ 0.001). Removing temperature as an input parameter from the multivariate logistic regression model did not negatively impact the predictions; actually, the simpler models performed slightly better.
Commonly measured physical and chemical parameters may not always be associated with increased viral presence. Turbidity is related to the fecal load from storm input, as well as fecal age, and these relationships are reflected in the values of correlation with the presence of EV. However, changes in turbidity can also be related to algal growth in the Kentucky River or sediment input not related to human fecal materials. Therefore, the inclusion of this variable may confound the signals from other input parameters. Excluding turbidity from models actually improved predictions. This finding is supported by the results of other studies that have shown turbidity to be of little utility for predicting the presence of protozoan pathogens (30) . More research needs to be done to create new and better indicators of change and fecal age, expanding upon the demonstrated utility of the AC/TC ratio.
Although bacterial indicators have traditionally been used to assess human health risk in waters, they do not adequately distinguish between animal and human contamination and are not in themselves indicative of the risk inherent from enteric viruses in our surface waters. The presence and density of bacteria can provide some indication of the presence of viruses when the contamination originates from human sources; however, this relationship may not exist when the source of pollution is of animal origin (11, 32) . Viruses have been found in the environment in the absence of traditional bacterial indicators, especially coliform bacteria, but virus collection and assay methods are out of the reach of ordinary labs, and some type of easily measured indicator is needed, even if it is an imperfect one. There has been a great deal of work done to identify other indicators for enteric viruses from among other fecally associated microbes and chemicals. Enterococci, C. perfringens spores, and bacteriophages (somatic coliphages, male-specific F RNA bacteriophages, and Bacteroides phages) have been proposed previously (17, 18) , but the validity of such indicators has not been conclusively proven. Standardization and quality control in the United States have produced standard methods for coliphages (37) and enrichment methods that provide for the better detection of small quantities of coliphages (36) , but our results do not support the use of male-specific coliphages for modeling the presence of enteric viruses for this river system. Male-specific coliphages, although detected more frequently than EV, were not statistically related to the presence of EV in the raw waters by chi-square analysis (P ϭ 0.846). Samples from the river were generous (200 ml or more), but the numbers of male-specific coliphages recovered by the single-layer assay were low. Other research on urban and agricultural runoff in a watershed that feeds the Kentucky River upstream of the intake found only 25% of 150 2-liter animal-impacted runoff samples concentrated with polyethylene glycol precipitation to have detectable levels of male-specific coliphages (5) . The prevalence of male-specific coliphages in the Kentucky River is greater than that reported in this prior runoff study by a factor of three, suggesting input from sources such as domestic sewage, but male-specific coliphage densities were not strongly correlated with those of the indicator bacteria, suggesting that the bulk of fecal material in the river is from animal sources mixed with some human sewage.
Others have found that levels of coprostanol are directly related to primary and secondary contact limits for the density of fecal coliforms (22) . Our study supports this prior finding, with increasing levels of coprostanol associated with aboveaverage levels of E. coli contamination. The geometric mean concentration of E. coli bacteria in samples in which the levels of coprostanol were Ͼ18 ng/liter was an MPN of 144/100 ml, well over the EPA-recommended standard of 126 CFU/100 ml. The geometric mean concentration in samples in which the observed coprostanol level was Ͻ18 ng/liter was an MPN of only 56/100 ml. The two geometric means were found to be significantly different from each other by the Mann-Whitney rank sum test (P ϭ 0.004). It would seem that coprostanol is a potentially useful indicator for defining fecal load categories. If coprostanol levels were used in conjunction with epicoprostanol levels in a ratio, or with additional indicators of human fecal sources, a good representation of the fecal load and the predominant source could be obtained. Analytical methods recently developed for the capture and detection of environmental sterols use an automated extraction process that greatly simplifies this analysis, increases recovery, and speeds up sample processing time to 4 h, allowing for faster responses to watershed quality changes.
The presence of detectable levels of epicoprostanol was more closely related to the presence of EV than that of malespecific coliphages in this watershed. This result is to be expected in light of the small amounts of epicoprostanol that would be expected to come from animal sources of fecal materials. Male-specific coliphages in amounts detectable in environmental water samples have been associated with animal sources (23) , and this finding may confuse the issue of utilizing them as indicators of strictly human sources without further classification into genotypes. Levels of epicoprostanol in animal fecal materials have been documented to be much lower than those of other sterols, such as coprostanol (21) , so the presence of epicoprostanol in environmental samples is thought to be indicative of human fecal materials. The strength of correlation between epicoprostanol levels and the presence of enteric virus, and the ability to use coprostanol as a load signal, should spur continued interest in the development of methods for using fecal sterols as indicators of the fecal source and load relative to the presence of enteric virus.
Improvements in extraction methods for fecal sterols may increase their utility as indicators of human fecal material and enteric viruses in surface waters, especially with respect to epicoprostanol. In our study, the levels of epicoprostanol were low and often undetectable (Ͻ3.3 ng/liter with extraction and detection combined), as would be expected from a watershed impacted primarily by agricultural input. Only 32 of 100 samples gave measurable levels. The method used for this study was based on that of other studies that used solid-phase extraction (2) and provided a rate of recovery of sterols from duplicate sterol-spiked river samples of Ͻ30% (unpublished data). The application of a simplified, commercially available Soxhlet extraction method for sterols has shown rates of recovery of epicoprostanol from spiked environmental samples nearly three times higher than those shown by the solid-phase extraction method used in this study (unpublished data). It is conceivable that using a different extraction method would have allowed for the calculation of a direct ratio of coprostanol to epicoprostanol, a relationship found to be applicable to the apportionment of fecal sources, and provided better results, particularly for the prediction of the absence of EV.
This modeling exercise points out issues that are encountered with data quality with respect to the method used to detect enteric viruses. All five of the models developed predicted the same six samples to be positive for viral presence when the database had recorded viral absence. These mispredictions may actually be indicative of samples in which the enteric virus MPN method missed detecting the presence of virus due to a low level of recovery by the standardized method. Viral presence and absence were confirmed for all samples, but losses at the concentration steps may have prevented detection. Of these six readings, five of them were made on days when the AC/TC ratio was Ͻ15, indicative of the presence of fresher-than-normal fecal material in the river and a condition strongly associated with viral presence. Epicoprostanol was detected in four of the samples and male-specific coliphages were detected in five of the six samples, conditions that would seem to indicate the meaningful presence of a large load of human wastes in the system. For three of the six readings, the levels of E. coli bacteria were above the geometric mean MPN of 76/100 ml, indicating a larger than normal fecal load. This combination of measurements was not normally associated with the absence of enteric viruses. It may be that these readings recorded false-negative results for the presence of enteric virus. This scenario is plausible considering the limitation of the ability of the VIRADEL-organic flocculation method to recover viruses from large volumes of complex environmental matrices and the fact that in the MPN method, not all of the sample is analyzed. In prior testing of the VIRADEL- organic flocculation method for the collection and reconcentration of large volumes of water spiked with enteric viruses, relatively low and quite variable levels of recovery efficiency were documented (27) . It is also known that when filtering to remove toxicity before cell culture, a 30% loss of signal can be expected (35) . Solids in raw waters can interfere with recovery rates as well. Our own internal quality assurance and quality control procedures documented an average percentage of recovery of 35% for matrix-spiked samples, with initial precision and recovery rates for five separate laboratory control sample preparations of 38% for the plaque assay and 28% for the MPN method. With the wide variety of raw-water conditions we faced and the known and expected losses of viral signal due to the method used, it is plausible that virus presence was not always detected and that the readings in question may well have been recorded as false negatives. Although all five models consistently missed predicting the presence of enteric virus in the same three samples, a review of the data does not provide any additional insight into these mispredictions, and these observations are not considered false positives due to quality assurance and quality control procedures. In summary, it would appear that the presence and absence of viable enteric viruses can be successfully modeled in this watershed by using an approach that attempts to capture signals that distinguish fecal sources, indicate the approximate fecal age, and quantify the fecal load. The AC/TC ratio was the key to these modeling efforts, dominating the model and showing itself to be highly related to viral presence. We recommend that more researchers add the readily measured AC/TC ratio to their studies and that watershed management control strategies be implemented with AC/TC ratios as control or alert standards. Fecal sterols, with better methods that improve their recovery from environmental samples, should be investigated further for their utility in modeling the fecal loads of watersheds and identifying fecal sources.
